Tc HMPAO) SPECT. STA-MCA bypass surgery was offered to patients with impaired CVR on SPECT. All patients underwent TCD and SPECT at 4 ± 1 months and were followed up for cerebral ischemic events. results A total of 112 patients were included. This total included 73 men, and the mean age of the entire study population was 56 years (range 23-78 years).
S
tenooccluSive disease of the intracranial arteries accounts for 33%-54% of ischemic strokes among Asians. 34 The risk of cerebral ischemic events in patients with intracranial stenosis is high despite the best medical therapy. 13 The 1-year risk of ischemic stroke increases proportionately with the degree of stenosis, i.e., 11%-12% in patients with > 50% stenosis and 18%-23% when the stenosis is > 70%. 4, 14 Recent attempts at reducing this risk with intracranial stent placement for patients with severe stenosis (70%-99%) failed to show benefits as compared with "aggressive medical therapy." 3 Although both the older as well as the recent extracranialintracranial (EC-IC) bypass trials were conducted for patients with symptomatic occlusive disease of the cervical segment of the internal carotid artery (ICA), there were no significant benefits of surgery compared with "best medical therapy." 7, 24 Artery-to-artery embolization and cerebral hemodynamic insufficiency are the 2 main mechanisms of cerebral ischemic events in patients with intracranial stenosis. 9, 16, 25, 30 Transcranial Doppler (TCD) ultrasonography monitoring can demonstrate a cerebral embolization by identifying the spontaneous microembolic signals in appropriate arterial branches distal to the stenoocclusive lesion 19, 22, 28 and help in planning the appropriate antithrombotic treatment. 20, 37 Various compensatory collateral pathways in patients with severe intracranial stenosis can be evaluated noninvasively with CT angiography, 32 MR angiography, 15 or TCD ultrasonography. 31 Cerebral autoregulation helps in maintaining an adequate regional cerebral blood flow over a wide range of blood pressures by adjusting the diameter of the intracranial arterioles. 21, 22 Cerebral perfusion in regions distal to the intracranial stenosis may be normal at rest due to the compensatory vasodilatation. 11, 23 However, it may become insufficient in certain physiological circumstances due to a failed vasodilatory reserve and intracranial steal phenomenon (reversed Robin Hood syndrome). 1 The assessment of cerebral hemodynamic insufficiency and cerebral vasodilatory reserve (CVR) has remained a complex issue. Various imaging techniques currently used to evaluate dynamic cerebral autoregulation and CVR include PET, 2, 35 dynamic first-pass perfusion CT, 27 xenon-enhanced CT, 10 perfusion-weighted MRI, 33 and SPECT. 5 In this study, we evaluated the cerebral hemodynamic status and CVR in patients with chronic and symptomatic severe stenoocclusive disease of the ICA or middle cerebral artery (MCA) with continuous TCD monitoring during voluntary breath-holding and SPECT with acetazolamide challenge. Patients with impaired CVR were offered superficial temporal artery (STA)-MCA bypass surgery. In addition to analyzing the cerebral ischemic events during the follow-up period, changes in the patients' cerebral hemodynamic patterns and CVR were also evaluated.
methods
In this prospective study, consecutive patients with symptomatic and severe stenoocclusive disease of the intracranial ICA or MCA were recruited between February 2009 and May 2012. Our study included patients 21-80 years of age, with a history of transient ischemic attack or nondisabling stroke, involving the intracranial ICA or MCA within the past 3 months of presentation. Data were collected prospectively regarding the demographic characteristics, underlying risk factors, and other relevant associated diseases. All patients underwent a noncontrastenhanced CT scan of the head as the standard of care. Additional relevant imaging studies to diagnose the underlying pathogenic mechanism were performed according to the discretion of the attending stroke neurologist. We excluded patients with disabling stroke (modified Rankin Scale score of 3 or more), allergy to acetazolamide, stenoocclusive disease of the cervical ICA amenable to carotid endarterectomy or stent placement, and other active, advanced, untreatable medical conditions and markedly shortened expected life span. The study was approved by the ethics committee of the National University Health System, Singapore.
transcranial doppler ultrasonography
All eligible patients were evaluated with diagnostic TCD for assessment of major intracranial arteries with the Nicolet-Viasys SONARA System (VIASYS Healthcare Inc.). Intracranial stenosis was diagnosed according to the established criteria. 31 Patients in whom a long stenotic segment involved both the terminal ICA and proximal MCA were classified as having a stenoocclusive disease of the terminal ICA. Stenoocclusive disease of the ICA or MCA was considered severe (> 70%) according to the velocity criteria 38 and the presence of "blunted" flow spectra in the arterial segment distal to the stenosis. Importantly, the TCD diagnostic criteria for intracranial stenosis in our neurovascular laboratory have been validated against CT angiography.
26
All study participants underwent continuous TCD monitoring for 40 minutes to exclude artery-to-artery embolization as the pathogenic mechanism for their symptoms. Patients with spontaneous TCD emboli were subjected to optimization of their antithrombotic medications and excluded from the study. Intracranial stenoses were confirmed in each patient by CT angiography, contrastenhanced MR angiography, or digital subtraction angiography.
assessment of cvr by tcd
Bilateral TCD monitoring was performed during voluntary breath-holding according to a standard scanning protocol to evaluate the dynamic changes in blood flow velocities. We monitored arterial segments distal to the site of stenosis and the corresponding contralateral artery was used as the reference. CVR was assessed by the breathholding index (BHI) according to the well-established criteria. 21 Briefly, after a clear demonstration by the sonographer, patients were asked to voluntarily stop breathing during a normal breathing pattern. A gasp, deep inhalation, or sigh were not allowed. Similarly, at the point of restarting breathing, patients were instructed to start without a violent inspiratory gasp or sigh. Breath holding for at least 30 seconds was considered appropriate. Patients unable to hold their breath for the required period were excluded from this study. The assessments were performed at least 3 times to validate the results and the highest BHI value was recorded. A paradoxical decrease in the mean flow velocity during voluntary breath holding reflected intracranial steal phenomenon (the so-called reversed Robin Hood syndrome). 1 A BHI value less than 0.69 was considered to represent inadequate CVR. Tc HMPAO. Images were reconstructed in axial, sagittal, as well as coronal planes after corrections for the attenuation using transmission maps. All images were corrected for attenuation using Chang's method (uniform linear attenuation coefficient 0.12/cm). Comparisons were made between the images obtained with and without acetazolamide to obtain the differences between the gamma-ray counts of 2 cerebral hemispheres to assess the CVR. A difference of more than 6% in the gamma-ray count between 2 hemispheres was defined as impaired CVR.
sta-mca bypass surgery
Patients with significantly abnormal cerebral hemodynamic reserve were offered a cerebral revascularization procedure according to the recommendation of the stroke team, consisting of an attending stroke neurologist, an attending vascular surgeon, and an attending neuroradiologist. The current status of STA-MCA bypass surgery, especially in view of the recent clinical trial results, 3, 24 was explicitly explained to the patients and their relatives.
We performed a direct end-to-side anastomosis of a branch of the STA to a cortical branch of the MCA. The donor and recipient vessels chosen were approximately 1 mm in diameter. The surgery was performed through a frontotemporal scalp incision with preservation of the STA branches. The donor branch of the STA was dissected from the inner surface of the scalp flap. A small craniotomy centered approximately 6 cm from the external auditory canal exposed the distal MCA branches as they exited from the sylvian fissure. After selecting the suitable recipient artery, the overlying arachnoid and pia mater was opened and the vessel was prepared for anastomosis. Under microscopic visualization, an end-to-side anastomosis was performed with interrupted 10-0 Prolene sutures. The craniotomy bone flap was placed back after removing a small edge of the bone to allow passage of the STA branch. The scalp was then closed in layers with vicryl and Prolene sutures. The method of bypass is represented in Fig. 1 .
medical therapy
Patients who refused STA-MCA bypass surgery were managed with the best medical therapy, as determined by the treating neurologist. In general, the best medical therapy consisted of adequate control of diabetes mellitus (target glycated hemoglobin level < 7%), blood pressure (< 140/90 mm Hg) and low-density lipoprotein levels (< 2.6 mmol/L). Antiplatelet therapy consisted of a single drug, i.e., 100 mg of aspirin daily or 75 mg of clopidogrel daily.
Follow-up
All patients were followed up for the occurrence of any cerebral ischemic events. TCD-BHI and acetazolamide-challenge 99m Tc HMPAO SPECT were repeated in all patients after 4 ± 1 months to ascertain their CVR, to evaluate the natural history of the disease in the medically treated patients, and to evaluate changes in hemodynamic parameters in the surgical group.
statistical analysis
Statistical comparisons were performed between patients treated with STA-MCA bypass and best medical therapy in terms of various vascular risk factors, location of intracranial stenoocclusive disease, and various cerebral hemodynamic parameters. Dichotomous variables were compared with the chi-square test and continuous variables using 1-way ANOVA, or Kruskal-Wallis 1-way ANOVA by ranks as indicated. Post hoc comparisons between pairs of means were made in parametric and nonparametric ANOVA by means of the Tukey test and Wilcoxon rank-sum test, respectively. All patients were revaluated at 4 ± 1 months for clinical events and various hemodynamic parameters using TCD and SPECT. Statistical analyses were performed using the SPSS statistical software package (version 19.0 for Windows, SPSS Inc).
results
Of the 112 patients with severe intracranial stenosis and inadequate CVR by our TCD criteria, impaired CVR on acetazolamide-challenge 99m Tc HMPAO SPECT was detected in 77 cases (69%). This total included 73 men, and the mean age of the entire study population was 56 years (range 23-78 years). Forty-six of these 77 patients underwent STA-MCA bypass, while 31 received the best medical treatment. The two groups were well matched in terms of age, sex, vascular risk factors, and location of intracranial stenosis (Table 1) . However, patients in the STA-MCA bypass group had significantly worse baseline cerebral hemodynamics on TCD as well as acetazolamide-challenge 99m Tc HMPAO SPECT imaging (Table 2 ). There were no perioperative complications. TCD and SPECT evaluations, repeated at 4 ± 1 months after the surgery, showed significant improvement in the cerebral hemodynamic parameters in the STA-MCA bypass group (Table 3) . During a mean follow-up of 34 months (range 18-39 months), only 6 (13%) of 46 patients in the bypass group developed cerebral ischemic events as compared with 14 (45%) of 31 cases receiving medical therapy (absolute risk reduction 32%, p = 0.008; Table 4 ). TCD and SPECT imaging characteristics in 1 of the patients are shown in Fig. 2. 
discussion
Our study shows that STA-MCA bypass in carefully selected patients with severe stenoocclusive disease of the intracranial ICA or MCA improves cerebral hemodynamic parameters. Furthermore, this bypass surgery is beneficial for secondary prevention of cerebral ischemic events.
Our findings are consistent with some of the previous reports. 12, 17, 29 Although the EC-IC bypass trials were conducted for patients with symptomatic ICA stenoocclusive disease, they failed to show the benefit of surgery over the "best medical therapy." 24, 35 Similar failures were noted in a recent clinical trial of intracranial stent placement for patients with severe (70%-99%) intracranial stenosis. 3 This trial failed due to unacceptably high rates of periprocedural complications and "lower than expected" rates of primary end points with "aggressive medical therapy." 3 Although the recent intracranial stenting 3 and EC-IC bypass surgery 24 trials cited advances in the "best medical therapy" as one of the main reasons for their respective failures, the annual rates of cerebral ischemic events in ex- cess of 10% 3, 24 with the "best" medical therapy cannot be considered as acceptable. Importantly, these trial results are strong reminders for improving the methods of selecting patients who are most likely to benefit from intracranial stent placement or bypass surgery, as well as making these interventions safer.
Although clinical symptoms should be considered the gold standard for selecting patients for various interventional procedures, clinical judgments can be very subjective and do not differentiate between the "embolic" and "hemodynamic" causes of cerebral ischemia. Most of the previous studies have reported changes in cerebral hemodynamic parameters after EC-IC bypass surgery for patients with severe stenoocclusive disease of the cervical ICA. Schmiedek et al. assessed the CVR by measuring brain blood flow at rest and after acetazolamide infusion in patients with cervical ICA occlusions using Xe-133 SPECT and reported significantly reduced CVR in patients with insufficient collateral circulation. 29 These authors reevaluated CVR in their patients after EC-IC bypass and observed considerable postoperative improvement in response to the acetazolamide challenge. Similar improvements were reported on PET studies of oxygen extraction fraction by Powers et al. in the recently concluded EC-IC bypass trial. 24 Most of the literature regarding intracranial stenoocclusive disease and changes in cerebral hemodynamics after EC-IC bypass surgery pertains to moyamoya disease in pediatric patients. Only a few studies have evaluated the impact of EC-IC bypass on hemodynamic parameters among adults. 29 Kohno et al. reported the hemodynamic improvements using Xe-133 SPECT in adult patients with moyamoya disease after EC-IC bypass. 18 We strongly believe that the pathogenesis of moyamoya disease is very different as compared with atherosclerotic disease and hence excluded patients with moyamoya disease from our study. Therefore, the data from EC-IC bypass on patients with moyamoya disease may not be directly applicable to the atherosclerotic disease of intracranial arteries. However, data on adults with severe intracranial atherosclerotic stenoocclusive disease are limited. 18 One of the important findings of our study is the improvement in various cerebral hemodynamic parameters on TCD as well as acetazolamide-challenge SPECT in adult patients with symptomatic and severe stenoocclusive disease of the intracranial ICA or MCA. The improvement in cerebral hemodynamic parameters in our patients was associated with significant reduction in cerebral ischemic events during the follow-up period (absolute risk reduction 32%, p = 0.008). Interestingly, EC-IC bypass surgery resulted in significant improvement in various cognitive parameters as compared with matched controls in a pilot study of 9 cases. 6 Another interesting observation in our study was the high prevalence of early morning headache. Almost half of our patients confessed of a dull, aching, vaguely defined headache upon waking up in the morning that disappeared within a couple of hours on its own. Almost all the cases presenting with early morning headache were found to have obstructive sleep apnea of various grades of severity. We hypothesized that relative hypercapnia due to obstructive sleep apnea or sleep-related hypoventilation caused prolonged vasodilatation of the meningeal collaterals, and was the cause of their early morning headaches. These headaches disappeared in the majority of our EC-IC bypass surgery patients. Certain limitations of our study need acknowledgment. First, although this was a prospective study, the number of patients included in the study may still be considered too small to draw definitive conclusions. Second, the lack of randomization is an important limitation of our study. Selection bias for surgery may not be excluded reliably, and the differences between the longitudinal hemodynamic parameters in the 2 groups may be influenced by this confounder. Finally, the use of SPECT in our study may draw some criticism. Positron emission tomography is considered the gold standard for estimating CVR. However, PET is expensive and not widely available. Blood flow reserve as assessed by brain SPECT correlates well with the oxygen extraction rates measured by PET. Therefore SPECT can be employed reliably for evaluating brain perfusion and blood flow reserve. Furthermore, the acetazolamide challenge adds to the dynamic nature of the test and makes it more reliable to assess the hemodynamic reserve in the brain. 8 Intravenously administered acetazolamide induces marked dilation of cerebral vessels, thus increasing both cerebral blood flow and cerebral blood volume. Reduced acetazolamide reactivity represents Stage II hemodynamic failure as demonstrated and used in various PET studies. 36 Although difficult to substantiate, our approach of assessing CVR through a dynamic challenge with acetazolamide might have helped in achieving a better selection of patients at high risk of developing recurrent cerebral ischemia. Oxygen extraction fraction on PET imaging was used in the recent Carotid Occlusion Surgery Study to select patients for STA-MCA bypass. 24 We hypothesize that it measures only the static component of CVR and that such an approach might have led to an unnecessary bypass surgery in some patients. Vasodilatory challenge induced by acetazolamide during SPECT helps in identification of the reversible hemodynamic disturbances, and this approach appears to be better for identifying patients who benefit most from a revascularization procedure.
conclusions
In this study we demonstrate that STA-MCA bypass surgery in carefully selected patients with symptomatic severe intracranial stenoocclusive disease results in significant improvement in hemodynamic parameters and reduction in stroke recurrence.
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